In this paper we propose the capacity optimization over sensing threshold for sensingbased cognitive radio networks. The objective function of the proposed optimization is to maximize the capacity at the secondary user subject to the constraints on the transmit power and the sensing threshold in order to protect the primary user. The defined optimization problem is a convex optimization over the transmit power and the sensing threshold where the concavity on sensing threshold is proved. The problem is solved by using Lagrange duality decomposition method in conjunction with a subgradient iterative algorithm and the numerical results show that the proposed optimization can lead to significant capacity maximization for the secondary user as long as the primary user can afford.
Introduction
The cognitive radio (CR) principle has introduced the idea to exploit spectrum holes (i.e. bands) which result from the proven underutilization of the electromagnetic spectrum by modern wireless communication and broadcasting technologies [1] . The exploitation of these holes can be accomplished by the notion of cognitive radio networks (CRNs). A hierarchical model of a CRN consists of a primary (i.e. licensed) network (PN) and a secondary network (SN) where a secondary user (SU) exploits the available spectrum bands of the PN [2] . The objective in CRNs is to optimize the performance e.g. the capacity of the SU without causing harmful effects to the PU. In a sensing-based CRN, the power control (PoC) and the spectrum sensing (SpSe) at the SU are properly incorporated for the capacity optimization at the SU providing also the PU's protection [3] . To this end, in one hand, PoC at the SU with a constraint on the power interference caused at the PU gives access to the bands of the PN providing also the PU's protection [4] [5] . On the other hand, SpSe at the SU with a constraint on the sensing threshold 2 specifies the probability of the PU's detection and thus the PU's protection is provided either [2] . The SU's capacity optimization over the transmit power is studied in details for the CRNs [4] [5] as well as the conventional wireless networks [12] . However, the SU's capacity optimization over the sensing threshold has not been recognized and studied. In [6] , the authors have pointed out the importance of sensing threshold in CRNs; however, they do not provide any details on how the SU's capacity can be optimized over the sensing threshold. Hence, in this paper, the capacity optimization over the sensing threshold for CRNs is formulated and solved. The problem formulation results in a convex optimization problem where the concavity of the SU's capacity on sensing threshold is proved and the problem is solved using a Lagrange duality decomposition method in conjunction with a subgradient iterative algorithm [10] [11][13] [15] .
The rest of this paper is organized as follows. Section 2 provides the system model of the sensing-based CRN with details on SpSe model. In section 3, we first formulate the convex optimization problem and in sequel we prove the concavity of the SU's capacity on the sensing threshold. We next provide the solution of this problem. Section 4 discusses the obtained numerical result that shows the achievable SU's capacity maximization and we conclude this work with section 5.
System model

Cognitive radio network model
We consider a sensing-based SS CRN with one PN and one SN which one provides a primary and secondary link respectively (Fig. 1) . Both links consist of a transmitter and a receiver where for the PN are denoted as PU-Tx and PU-Rx and as SU-Tx and SU-Rx for the SN respectively. The links assumed to be flat fading channels (i.e. all frequency components of the signal will experience the same magnitude of fading) with additive white Gaussian noise (AWGN) [12] . The independent random variables of the AWGN are denoted with p n and s n for the primary and secondary link respectively which are assumed with mean zero and variance 0 N . The PoC at the SU's transmitter (SU-Tx) aiming to protect the PU's receiver (PU-Rx) and for this reason the transmit power t P is applied as 0 t P when the PU is idle or as 1 t P when the PU is active with the following rule 1 0 t t P P  [3] . Furthermore, perfect channel state information (CSI) is assumed to be available at the SU-Tx from the SU's receiver (SU-Rx) through a feedback channel. 
Spectrum sensing model
The PU's activity is identified via a spectrum sensor that is employed at the SU-Tx. We assume an energy detector for SpSe which is able to sense the signal-to-noise-ratio (SNR)
 for a specific time interval  within the sampling frequency s f [7] . Spectrum sensing (SpSe) indicates whether the PU is active or idle by comparing the sensed SNR  with a sensing threshold  . The SpSe results in detection, missed detection, false alarm and no false alarm with probabilities
respectively. The probabilities of false alarm and detection are defined as follows in relation with the hypotheses that the PU is idle or active denoted as 0 h and
Throughout this paper, we suppose a SpSe model with circularly Gaussian noise with mean zero and variance 2  . Then the corresponding probabilities of false alarm and detection are defined as follows [7]   must be selected. In [3] , the authors have proposed the throughput optimization over sensing time  when frame duration T is considered and thus an optimal value of number of samples N is obtained. In this paper, we investigate the capacity optimization over sensing threshold  which is more generic and can lead to substantial capacity maximization regardless of the frame duration. 
Capacity optimization over sensing threshold
In this section, we present the capacity optimization over the sensing threshold subject to the constraints for the PoC and SpSe in order to protect the PU. The formulated problem is a convex optimization problem and hence the concavity of SU's capacity on sensing threshold is proved. The problem's solution is provided by a Lagrange duality decomposition method in conjunction with a subgradient iterative algorithm.
Optimization problem formulation
Based on the probabilities that the PU is idle or active denoted as . Thus, the overall SU's capacity is obtained as follows [3] 
The expression given in equation (4) is the objective function that we will next maximize over the transmit powers 
where sp G is the channel gain at the link between the SU-Tx and PU-Rx and    E is the expectation over the probability density function (pdf)   s p  of the fading channel at the SU link 2 . The constraint on the sensing threshold should regulate the probabilities of detection and missed detection, false alarm and no false alarm and henceforth a target probability of detection has been used so far [2] [3]. However, in this work we choose to regulate the sensing threshold by using a more factual parameter than the target probability of detection. To this end, we define a level of the PU's capacity loss loss p C , that the PU can afford and thus the PU's channel state information (CSI) is involved [8] .
Assuming that av P is the maximum average transmit power at the SU-Tx, pk I is the maximum peak interference power constraint that the PU-Rx can tolerate and that the PU's capacity loss 
Concavity on sensing threshold
It is not difficult to observe that the problem is a convex optimization problem with respect to transmit powers 
Lagrange duality and subgradient iterative algorithm
In order to solve the convex optimization problem defined in equation (4), a dual decomposition method can be applied for a value for the sensing threshold  [15] . The Lagrangian of (4) is defined as The dual function can then be minimized to obtain an upper bound on the optimal value Proof: For any
. Combining the pieces, we obtain
Afterwards, the problem can be solved by the following Algorithm, which requires the calculation of the subgradient g at each iteration. In the subgradient iterative algorithm described above, the sensing threshold  is matched in a specific capacity loss This is due to the fact that a missed detection do not affect the system's behavior since the transmit powers are now equal i.e. 1 0 t t P P  . Moreover, low values of sensed SNR  will lead to further capacity maximization for a given sensing threshold  . 
Algorithm: Subgradient iterative algorithm
Numerical results
Conclusion
In this paper, we proposed the capacity optimization over sensing threshold for sensingbased cognitive radio networks (CRNs). In particular, we consider a sensing-based spectrum sharing CRN in which both power control (PoC) and spectrum sensing (SpSe) are employed for the PU's protection. Assuming the constraints for both the PoC and the SpSe, the proposed optimization is being a convex optimization problem that is solved using a Lagrange duality decomposition method. In sequel, a subgradient iterative algorithm provides the optimum values for both the transmit power and the sensing threshold of the PoC and SpSe respectively. The numerical results show that the maximization of the SU's capacity is sufficiently large when it is not harmful for the PU's transmission that can be controlled using a constraint on the PU's capacity loss, which represents the actual state of the primary link.
